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Full-Spectrum Photonic Pigments with Non-iridescent Structural Colors through Colloidal Assembly
Jin-Gyu Park, Shin-Hyun Kim, Sofia Magkiriadou, Tae Min Choi, Young-Seok Kim, Vinothan N. Manoharan* Coloration free from chemical-or photo-bleaching is a central goal in paints, cosmetics, and information displays. Such long-lasting colors can be achieved by making non-absorbing nanostructures that selectively reflect light of certain wavelengths through constructive interference of scattered waves. This phenomenon is called structural coloration [1] . Colloidal suspensions are ideal for making structurally colored materials, since they are inexpensive, they can be manipulated dynamically with external fields [2], and they have optical properties that can be tuned through synthesis, morphology, and the suspension medium [3] . The primary motivation for the work presented here is the production of photonic pigments that can be used for particle-based reflective displays with high efficiency.
Grayscale, field-addressable "electronic-ink"-type displays have been produced from microcapsule pigments containing black colloidal particles that absorb light and white particles that scatter light [4] . Full-color reflective displays require colorful microcapsule pigments that reflect light efficiently and isotropically, so that the color does not vary with the viewing angle in the device. In principle such colors can be produced from amorphous packings of colloidal particles [5] , which do not suffer from the angledependence, or iridescence, of crystalline packings of colloids, the subject of many previously reported photonic pigment schemes [6] . However, processes for synthesizing large quantities of photonic pigments based on amorphous arrays of colloidal particles are only beginning to emerge [7, 8] .
The principal challenge of making isotropic structural coloration through colloidal assembly is control over incoherent and multiple scattering. Previous approaches produce bulk coatings of colloidal particles a few micrometers thick, corresponding roughly to the extinction length of the nanostructures [7] . If the sample is too thick, white color from multiple scattering dominates, compromising the color saturation. Furthermore, as the size of the colloidal particles increases, the structural resonance is compromised by incoherent scattering at shorter wavelengths [8] . Therefore, it remains a challenge to produce full-spectrum (blue, green, red) isotropic photonic pigments. Another technical challenge lies in making the amorphous nanostructures. Charged nanoparticles such as polystyrene or silica tend to crystallize as the concentration increases [9] . Alternatives are to use bidisperse suspensions or to rapidly concentrate the suspensions to avoid crystallization, but both routes complicate the processing [7, 8] .
Here we present a new colloidal assembly method to fabricate micro-encapsulated photonic pigments that can cover the full spectrum with little multiple scattering. The key to our approach is to design a pigment with three different structural length scales: the scatterer size, the inter-scatterer distance, and the capsule size. We use microfluidic techniques to produce spherical microcapsules approximately 100 µm in diameter that contain densely packed, amorphous arrays of colloidal particles. The encapsulated particles are polystyrene/poly(N-isopropylacrylamide-co-acrylic-acid) (PS /poly-NiPAm-AAc) core-shell particles in which the shells are closely index-matched to the surrounding fluid (water). As shown in our previous work [10] , the use of core-shell particles allows us to independently tune the scattering of the particles, which is set by the core size, and the wavelength of the structural resonance, which is determined by the inter-scatterer distance and controlled by the shell diameter. We show that capsules containing amorphous suspensions of core-shell particles have weak incoherent and multiple scattering. Therefore the coherent scattering responsible for the structural color dominates at all inter-scatterer distances, and we are able to make photonic pigments that show isotropic structural colors throughout the visible range.
We make these photonic pigments using a microfluidic processing technique that yields uniform microcapsules with amorphous internal structures. We start with an aqueous suspension of PS/poly-NiPAm-AAc core-shell particles synthesized through seeded emulsion polymerization [11] using PS nanoparticles of hydrodynamic radius R h_PS = 78±5 nm as seeds. The ratio of NiPAm monomer to seed particle, which controls the thickness of the soft polyNiPAm shell, is 0.5% w/w, yielding a core-shell hydrodynamic radius R h_core-shell = 168±17 nm. We match the refractive index of the shell to that of the suspension medium by copolymerizing 4.0% w/w of acrylic acid (AAc) in the polyNiPAm shell. We then encapsulate this suspension ( water-in-oil-in-water (W/O/W) double-emulsion droplets using a capillary microfluidic device, as shown schematically in Figure 1 (a) [12] . The aqueous suspension and an oil phase containing a UVcurable monomer, ethoxylated trimethylol-propane triacrylate (ETPTA), are injected simultaneously through a hydrophobic capillary, creating a train of suspension droplets in the continuous monomer flow. The hydrophobic nature of the capillary prevents the droplets from wetting. This core-sheath is then emulsified into the continuous phase, aqueous poly(vinyl alcohol) (PVA, 10%, w/w), at the tip of the capillary, yielding W/O/W double-emulsion drops where the innermost phase is the core-shell particles suspension and the middle phase is an ultra-thin shell of oil, as shown in Figure 1(b) . These are the precursors to our photonic microcapsules.
These precursor droplets are specifically designed to enable the facile preparation of amorphous nanostructures. The double emulsion makes it possible to concentrate the suspension by an osmotic pressure gradient, as shown in previous work [13] . Furthermore, the soft shells of the particles help to inhibit crystallization when the suspension is concentrated [14] . We concentrate the particles by placing the W/O/W droplets into an aqueous solution of PVA and sodium chloride (NaCl), creating a positive osmotic pressure difference that forces the water out through the thin ETPTA membrane and causes the droplets to shrink isotropically, as shown in Figure 1 (c) . As the droplets shrink, the particle concentration increases, and the droplets develop color that blue-shifts as the condensation proceeds ( Figure 1(c) ). We then polymerize the ETPTA middle layer by exposing it to ultraviolet (UV) light for 30 seconds. This process is illustrated in Figure 1 The internal structure of these photonic pigments is random and isotropic, as shown by scanning electron microscope images of cryogenically fractured microcapsules ( Figure S1(a) ). Twodimensional Fourier analysis of a 20 µm × 20 µm cross-section of the microcapsule (Figure 1(g) ) shows a ring pattern (inset in Figure  1 (g)), indicating that the structure is isotropic with no preferred direction. We observe a characteristic peak corresponding to a length scale of 0.217 µm, as denoted by the dotted circle in the inset.
We can control the structural colors by changing the average distance between the PS cores, which are the primary scatterers. The inter-scatterer distance is controlled by the degree of droplet compression, which depends on the osmotic pressure difference used to concentrate the particles. For example, we can prepare red photonic microcapsules at 180 mOsm/L, yellow at 260 mOsm/L, and green at 440 mOsm/L. At each osmolarity, emulsion droplets containing core-shell particles with R h_core-shell = 168±17 nm are incubated for two hours to equilibrate the osmotic pressure before we polymerize the ETPTA shell. Reflectance spectra of the resulting photonic microcapsules (Figure 2 (a)) show that the characteristic peak shifts from 610 nm to 550 nm as the osmotic pressure increases, but the normalized full width at half-maximum (FWHM), ∆ ⁄ , remains almost constant (Figure 2(b) ).
We estimate the inter-scatterer distance d from the reflection spectra. If the particles inside the microcapsules are packed amorphously, and if we assume back-reflected light,
where is the resonant wavelength and is the effective refractive index of the medium [15] , which depends on the volume fraction of the PS cores [10] . Equation (1) assumes that the average spacing d between particles in a colloidal glass is determined by the location of the first peak of the structure factor of colloidal glasses at similar particle densities [16] . Because we do not know a priori the volume fraction of polystyrene, we calculate d using an iterative process: we first use Eq. (1) to calculate 0 with equal to the refractive index of water, then use 0 to estimate the volume fraction of polystyrene, = ( 0 ) ⁄ 3 and , and from Eq. (1) calculate a new 1 from . The values for converge quickly, and we find ≈ 1.39, a physically reasonable value. From this calculation, we determine the number density of PS scatterers and the average distance between them as a function of osmotic pressure (Figure 2(c) ). We find that, for the green photonic microcapsules, the inter-scatterer distance calculated from the spectrum (236 nm) agrees well with that obtained through Fourier analysis of an SEM image of the same sample (217±14nm). On the basis of the spectra, calculations, and SEM analysis, we conclude that the particles are compressed into roughly 35% of their original volume at 440 mOsm/L and are arranged in an amorphous structure. In all of these samples, the coherent scattering on resonance dominates the background scattering off resonance. We characterize the background by the intensity at short wavelengths (420-435 nm), where the reflectance has the highest value outside the resonance peak. This background arises from incoherent scattering from individual particles and multiply scattered light. The ratio of the peak intensity to background, ⁄ , increases from 1.35 for red photonic microcapsules to 1.83 for green (see Figure  2(a) ). This quantity is one measure of the color saturation: the lower the value, the less pronounced the structural color and the whiter the sample, due to mixing of the resonant color with incoherently scattered blue light. Although the off-resonance incoherent scattering is not negligible, particularly for red microcapsules, it is nonetheless significantly smaller than the resonant contribution for all of these samples.
We isolate the contribution of multiply scattered light to the incoherent scattering by measuring the polarization dependence of the reflection spectra, since multiply scattered light loses memory of its original polarization. We linearly polarize the incident white light and place another linear polarizer in front of the detector ( Figure S2 ). When the two polarizers are parallel (co-polarization) we observe peaks in the spectra at approximately 560 nm for green microcapsules and 610 nm for red microcapsules (Figure 2(d) ), whereas the cross-polarized spectra for both samples are nearly flat across the visible region. From these measurements we calculate the ratio of singly to multiply scattered light at the resonant wavelength, assuming that the entire cross-polarized signal is due to multiple scattering and that the contribution of multiple scattering to the signal is the same in both the co-and cross-polarized spectra. We find values of 15.6 for green and 16.7 for red microcapsules, indicating that multiple scattering does not contribute significantly to the structural color. We also calculate the contribution of multiple scattering to the background from the average reflectivity through crossed ( ) and parallel ( ) polarizers at short wavelengths (420-435nm), /( + ) . We find that multiple scattering accounts for only 22% of the background intensity in green microcapsules and 25% in red microcapsules, indicating that the primary source of background scattering is incoherent single scattering from the particles themselves. From these measurements we conclude that multiple scattering does not compromise the color saturation in our system, in contrast to other systems with isotropic structural colors where multiple scattering has to be suppressed through absorption [7, 8] .
To complete the full spectrum of colors, we make microcapsules from core-shell particles of different sizes. We use the same osmotic compression and the same core sizes for all samples, so that the inter-scatterer distance is controlled by the thickness of the particle shells. We obtain blue photonic microcapsules with R h_core-shell = 135±24 nm, green with R h_core-shell = 168±17 nm, and red with R h_core-shell = 210±15 nm, as shown in Figure 3 .
The optical properties of our amorphous microcapsules are qualitatively different from those of similar but crystalline structures, even for samples prepared with comparable particle sizes. For comparison, we prepare crystalline photonic supraballs with a diameter of about 90 µm through complete consolidation of 250 nm PS spheres in W/O droplets [17] . Bright-field optical micrographs in Figure 4 (a) and (b) show the dramatic differences between the two samples: the amorphous photonic microcapsules show colors that are uniform across each capsule and from capsule to capsule, whereas the crystalline supraballs show multiple patches of different colors and variations in the patches between supraballs. To quantify these differences, we measure the spectra of single photonic microcapsules and crystalline supraballs as a function of position (x) with a microscope-mounted, fiber-optic spectrometer (Figure 4(c) ). The position of the spectral peak remains constant for the photonic microcapsule (Figure 4d) , while in the crystalline supraball it shifts by 40 nm or more (Figure 4e ). This behavior arises due to the anisotropy of the crystal, which leads to a variation in the resonant condition with angle. At the same time, the incompatibility of crystalline order with the spherical symmetry of the droplet likely leads to the formation of grain boundaries, which would account for the variation in colors from supraball to supraball. Our measurements highlight the trade-off in optical performance between crystalline and isotropic structures: while the crystalline supraball has sharper resonant peaks at some locations, the isotropic photonic microcapsule shows a broader but more consistent peak across a wide range of positions. We also measure reflectance spectra of the photonic microcapsules at various angles by rotating the sample stage. As shown in Figure S3 (a) , the peak position moves less than 10 nm and is independent of the viewing angle. Plots of ∆ ⁄ as a function of angle in Figure S3 (b) confirm that the optical properties of our microcapsules are independent of orientation.
In conclusion, we have demonstrated a new colloidal assembly method to fabricate photonic microcapsules with non-iridescent structural colors that cover the entire visible range. The length scales of our system are tuned to suppress multiple scattering, so that coherent scattering is the dominant process determining the color. Future work will focus on increasing the saturation across the visible range; as our experiments show, red microcapsules are not as saturated as green or blue ones due to incoherent single scattering at short wavelengths. Our system provides several potential ways to reduce this incoherent scattering; for example, one could vary the refractive indices of the core and shell, or optimize the ratio of the core size to the inter-particle spacing. The ability to independently tune refractive indices and length scales so as to optimize the colorall while maintaining the ability to form amorphous packingsmake this a promising system for mass-produced photonic pigments.
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Experimental Section
Particle synthesis: The core-shell particles are synthesized by a two-step emulsion polymerization process [11] . All materials are used as received. In the first step, 380 mg of sodium lauryl sulfate (SLS, 99%, Aldrich) and 3.75 g of N-isopropylacrylamide (NiPAm, 97%, Aldrich) are dissolved in 262.5 mL of DI water in a 500 mL three-necked round-bottom flask equipped with a reflux condenser, a nitrogen inlet and a mechanical stirrer. Then 71.25 mL of styrene (99%, Aldrich) are added under vigorous stirring. After heating the mixture to 80ºC, we add 180 mg of potassium persulfate (KPS, 99%, Aldrich) dissolved in 7.5 mL of DI water to the reactor. We perform the reaction for 8 hours. We wash the resulting PS nanoparticles by dialysis against DI water for five days. The hydrodynamic radius of the PS core particles is 78±5 nm, as measured by dynamic light scattering (DLS, ALV SP-125) with a 532 nm Verdi laser (Coherent).
In the second step, we first mix all ingredients in a 40 mL glass vial including 478 mg NiPAm; 3 mg N,N'-methylenebis-acrylamide (MBA, molecular biology grade, Promega); 0.019 mL of acrylic acid (AAc, 99%, Sigma); 19.0mg of KPS dissolved in 0.7 mL; and 20 mL of PS core suspension. After mixing, we polymerize by tumbling the vial in a reaction bath for 3 hrs at 80 ºC. We control the thickness of the polyNiPAm-AAc shell by varying the concentration of PS cores in the core suspension. For the synthesis of particles with R h_core-shell = 135±24 nm, we add 7.5% (w/v) of PS core suspension; 5.0% for R h_core-shell = 168±17 nm; and 2.5 % for R h_core-shell = 210±15 nm.
Preparation of microcapsules:
The design of the glass capillary microfluidic device is shown in Figure   1 (a). Details of device preparation are described in our previous work [12, 13] . The orifice of the injection capillary is 140 μm in diameter, and that of the collection capillary is 200 μm in diameter. These orifices are separated by 150 μm. To produce double-emulsion droplets, an aqueous suspension of core-shell particles containing 2% w/w PVA (Mw 13,000 -23,000, Sigma-Aldrich) is used as the innermost phase, and ETPTA (Sigma-Aldrich) containing 0.2% w/w of photo-initiator (2-hydroxy-2-methyl-1-phenyl-1propanone, Sigma-Aldrich) is used as the middle phase. The continuous phase is a 10% w/w aqueous solution of PVA. Flow rates are typically set to 300 μL/h for the innermost phase, 200 μL/h for the middle, and 3,000 μL/h for the continuous phase, resulting in discontinuous generation of doubleemulsion drops. The double-emulsion drops are incubated in aqueous solutions with three different osmolarities of 180, 260, and 440 mOsm/L for 2 hours at room temperature, and then exposed to UV light (Innocure 100N) for 30 seconds; the incubation solutions each contain 2% w/w PVA and 80, 120 or 210 mM NaCl. The polymerized capsules are then transferred into distilled water. 
